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THC imic AL MKMOttANI) UM 


SUNSPOT VARIATION AND SELECTED ASS0CIA11D PHENOMENA: 
A LOOK AT SOLAR CYCLE ?1 AND BEYOND 

I. INTRODtlCTION 


Sunspotvs lii'c obati'ved to bo fCBlons of onbmicod nmg'iiotic field mid to bo 
somewhat cooloi* and, honoo, darker than the Rurroundlng* photosphcx'e. They were 
"disoovorcd" telcscopieally about 16Ui however, miked eye records of largo sunspots 
are now known to have been rocoKled much earlier ti»21. Although sunspots are 
sometimes observed to occur singly, more often they are seen in groups of two or 
more , 


Sunspot cyclic vaidabllity (that is, the cyclic change in the number of spots on 
the Sun with time) was first suggested by lloinrich Sehwabo in 1843, Subsequent 
analysis of observations , both preceding and vsucceedlng' this milestone, has confirmed 
sunspot variability and revealed that the Bun's activity level varies in an approxi 
mutely cyclic foshion, (Notable exeeptions, e.g. , the Maunder and Bpbror Minima, 
have been discussed by Kddy [2].) 


Daily counts of sunspots are now 1 ‘oiitinely made at many astronomical obsor 
vatories around the world, Tliese daily sunspot numbersl are averaged, thereby 
yielding moan monthly sunspot numbers (e,g. , the ydirich sunsxxot number, denoted 
R ) which are fw’ther avorag;od, in a particular way, to yield a smoothed sunspot 

number or 13-month running' mean, as it is sometiraas enlled. The variation of the 
smoothed sunspot number with time is inherently less noisy than the "raw" mean 


1. B unspot number R is defined as 
R r. k (10 g -p f) , 


( 1 ) 


whore f is the total number of spots observed regardless of sistci g is the number 
of observed spot gw ups, and k is a normalization parameter which varies from 
observatory to observatory to bring counts into agreement by accounting for 
telescope size, atmospheric opacity, etc. 


2, Bmoothod sunspot number R^g is defined [31 as 

+5 

♦ K-6 2 ,1. Ri 

*‘l3 = — -gf 


i55-5 


(2) 


whore R^.g is the mean monthly sunspot number 6 months ahead of the month of 
interest, the mean monthly number C months beldnd the month of interest, 

+5 

and T' R, is the sum of the mean monthly sunspot numbers 5 months either 
is- 5 ^ 

side and Including the month of Intoroat. 


HUiiHpot mimbei’, wJiils atlll appxHjprintoly allowing tho pnoi’al trenU and level of solar 
ttotivlty; thuB, it is nnioh moro sultnblo for the Btatistical eomparlsons and predietiona 
of tliin report, Montb-to month moan annspot numbora vary, by as little as a few 
norcont to as mueh as 30 percent or more, with variation usually being greatest at 
solar minimum. 


Sunspot variation or tho sunspot cycle (or activity cycle), ns it is more 
commonly known [41, has been reliably determined, based on daily sunspot counts, 
back to about 1848, corresponding to the maximum of solar cycle number 9. (Tho 
solar cycle has been traced back further in time, but the data are much loss reliable.) 
Therefore, solar physicists and prognosticators tend to examine contemporary cycles 
(present cycle is number 21) and predict future cycles in tho light of all cycles since 
cycle 8, tho milestone cycle, 


Tho purpose of this report is fourfold. First, it will briefly review sunspot 
cycles 8 through 20 in terms of time variation and values at maxima and minima. 


Second, it will give x’esults pertaining to the decline of cycle 20 and tho n\inimum» 
useonding, and maximum phases of cycle 21, based on sunspot number , 2 800 41115! 
radio Ilux, frequency of flare occurrence (major flares and, separately, all flai’es), 
and frequency of occurrence of gradual rise -and -fall (GIllO radio events, which may 
he associated with eruptive prominences imd coronal transients (o.g. , Shoeley et al. 
15], Webb et al. IG], Hmith ot al. |7J, and Fisher et al. [8]). The associations 
between those latter parameters and oi'e discussed. Tliird, a prediction is made 


for expected levels of activity for tho Spacolab 2 era (late 1984), and, lastly, a 
prediction is made for cycle 22. The analysis of cycles 20 through 21 is based on 
data obtained from the NOAA Solar Geophysical Data (Prompt Reports), Boulder, 
Colorado (ubbreviatod SGD in tliis report). 


II , SUNSPOT CyCbES 8 THROUGH 20 


Allen 19] has tabulated the dates of occurrence for solar cyclc^maximum and 
mininuun and values of smootlied sunspot number at oycie maximum (h|^,j^j.) and mini- 
mum for all solar cycles since 1700. Utilising these data, siniplificd solar 

activity cycles (beginning with cycle 8) were drmvn and are illustrated in Figure 1. 
Basically , Figime 1 represents the envelopes of and (the dark linos at 

the top and bottom of the figure, respectively). The numbered triangles represent 
each of the solar cycles (8 through 21). 

Moans for and Rj^uj^ have been ealcutatcd, based on tho Allen tabulated 

parameters. Ibr cycles 8 through 20 and 8 through 21, They are ~ 116.2 and 

121.9 and “ 5*2 and 5.7, respectively. Maxima range between 64.2 and 201,3 

and minima between 1,5 and 12.4. 


Figure 2 depicts the duration interval (in years) versus solar cycle number for 
solar cycles 8 through 21; the intervals measured are sunspot maximum to subsequent 
maximum (MAX -MAX), minimum to subsequent minimum (MIN-MIN), maxinmm to subse- 
quent minimum (MAX-MIN), and minimum to subsequent maximum (MIN-MAX), (Please 
note that tWs i'eport follows the standard convention of beginning a cycle at minimum 
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Figui‘o 1, Solar activity cyolos, simplified to two data points ^MIN^ 

per cycle, this plot shows envelopes over the maxima and minima of 13 
numbered cycles (cycles 8 through 21). 


INURVAI, pgHATION* 



WLAIt CVplE NO 


Figure 2, Cycle interval cimvcs. Time intervals in years are plotted for each 
soltm cycle Ibr maximum to siibsequent maximum (MAX-MAX), minimum to 
subsequent minimum (MIN-MIN), maximum to subsequent minimum (MAX-MIN), 
and minimum to subsequent maximum (MIN-MAX). Thus, MAX-MAX and MAX-MIN 
cui‘ves are for intercycle values , whereas MAX -MIN and MIN -MAX are for intracyclo 
values, M 69 .n values for each interval are given in years for cycles 8 through 20 

and 8 through 21. 
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ocauin'Qnco and ondingr it at subsequent cycle minimum ocoun’ence. Also* note tliat* 
in Figure 2, MAX -MAX and MiN-MlN are arbitrarily plotted at the mid«points between 
cycle numbers and MAX-MIN and MIN-MAX are plotted on the cycle number.) Means 
ibr those parameters are given in liable 1. MAX -MAX values ranp from 9.0 to 13,3 
years (mean ii years), MIN -MIN from 9,0 to 12,5 years (mean 11 years), MAX- 
MIN from 5,4 to 8.3 years (mean 6,8 years), and MIN “MAX from 3,3 to 5.3 years 
(mean t 4,1 years). 


TABLK 1. MEAN TIME INTERVAL SOLAR CYCLE PARAMETERS 



Mean Time Intox’valsj Months (Years) j 

Cycles 8“ 20 

Cycles 8” 21 

MAX^MAX 

131,8 (10.98) 

131.8 (10.98) 

MIN -MIN 

130,8 (10,90) 

131.4 (10.95) 

MAX-MIN 

81.4 (6.78) 

81.8 (6.82) 

MIN “MAX 

49,6 (4.13) 

49.2 (4,10) 


Examination of Figure 1 suggests that, perhaps, and are related, 

in some way, to a periodic function, since values for Rjyj^YX ^MIN *^PP®ar to peak 

around cycles 8 and 9 and 19 through 21 and are of minimum value awund cycles 14 
and 15, In Figure 3 , the data of Figure 1 are recast into a plot of and Rj^jj,^ 
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apftiinHt cycle mimbei*. The oui’ves drawn through these data joints are arhl- 
trarlly aelectod, aimple coalno fuiietioni Imvlng a period of 132 years (which colnci 
dentally 1 h > l,S times tho Cllelssborg cycle [IJ), Although the functions wore 
chosen arbitrarily and do not represent a best fit, a fairly, good flt» commensurate 
with about 30 percent error burs or loss, is olnmnod (for (Clearly, a 

straight line lit is not suggested.) One obsorvcH tiwit for end cycle 21 

follows that of cycle 8, cycle 22 that of cycle 10, and so on. In tWs way the solar 
cycle variation takes on a truly periodic appearance postdicting values for Hm a y 
^^MIN part, have been close to actual values. 


in. SUN,Sl>OT CYCLES 20 TimODOlI 21 


In tliis section, a prediction for eyelo 21 dates of occurrence and H values for 
sunspot cycle minimuai and maximum, based on Table 1 means md Figure 3 curves in 
conjunction with obsorvod occurrence dates of minimum and maximum of sunspot cycle 
20, is compared to actual dates of occurronco and E values for simsput cycle 21 mini 
mum and maximuat. Also discussed is tho assodiUion botwoon 2800 Milz omission levol 
and sunspot number and the variation of number of tnajor flares, number of flares 
(in general), and number of OKF events with time (in particular, phase of solar 
cycle). The relationship between those latter paranictors aiid sunspot number is 
examined ami a determination mado as to whotlior the ascending portion of a cycle is 
significantly different from its descending portion, These relationships will bo helpful 
for determining flaro activity levels during tlio Spacolab 2 era (Section IV), 


Sunspot cycle 20 began with a minimum in September 1964 havlng^n value of 

maximum occurred In October 1908 with a value of Ej^.|^y equal to 

110.6, Thus, based on the MIN-mIN time interval for cycles 8 though 20, Sopteni” 
ber 1975 would be projected to bo the minimum for cycle 21} and based on the MAX** 
MAX time interval for cycles 8 through 20, the maximum for cycle 21 would occur 
approximately October 1979. The actual dates of sunspot minimum and maximum were 
March 1976 and December 1979. Thus, using mean time intervals the oceurroncos of 
sunspot minimum could be predicted to wltliln 6 months and maximum to witliin 2 
months. 


Based on Figure 3, for cycle 21 would have boon predicted to bo about 11 

and E|y(|^y to bo about 168, Actual values for and for cycle 21 were 12.4 

and 166.3, roRpectivoly (i.e, , to witliin about one-unit discrepancy for and to 
wltWn about two -units cliseropancy for 


Figure 4 plots tho moan monthly Zurich sunspot number (E^), the smoothed 

7t 


sunspot number (Ej^ 3 >» the mean monthly 2800“MIl55 radio flux corrected to one astro“ 
nomical unit (k' 2800 ^’ smoothed 2800-MHz radio flux (Fj^^), calculated similarly 

to (equation (2)] for the time period February 1969 thxxiug'h December 1980, or 


tho period covering the descending portion of cycle 20 and the minimum, ascending 
and maximum portions of cycle 21. Observe that the time interval from tho maximum 
of oycle 20 to the maximum of cycle 21 was 134 months ; the time interval fi*om the 
maximum of oycle 20 to the minimum of cycle 21 was 89 months ; and the time interval 
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Figure 4. Cycles 20 and 21. R^j, Rj^^, 1^2800’ ^13 Plotted in terms of 

numbers versus month for the period January 196£ tlirough December 1980, 
The dates of occui’i’ence of maximum R^g and and minimum R^^g 

and F^g are shown. 
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for the aseeiicling portion of eyele 21 (minimum to maximum ) wa» 45 montliH, Alao* 
oh 80 i‘v© that Fjg and itj^g maxima, minima, and trend* are esaontloUy the some and 

are, thun, very llnenriy related, mlniaium oeeurs apim)xlmateiy 3 months after 

Kjg minimum, and maximum oeeurs epproxlmatoly 2 months nftor Itjg maximum, 

Scatter ossociated with values Is ttppi*oximatoly 20 percent or leas and is, thus, 

a smoother si^al for statistical comparisons than (Hcnttcr diap'oms for 11^ 

vorsus Hj^g, Fgggp versus F^^g, and other flare and eruptive j)arameters versus tlieir 

smoothed numbers are given in the Appendix.) 

Figure 4, in addition to showing variation of F^g and li^g with time, depicts 

the cvclos in terms of solar cycle phase (assuming a periou of 134 months, based on 
cycle 20 maximum to cycle 21 maximum), Thus, the descending portion of cycle 20 
accounts for 66, 4 percent of the period and the ascending portion of cycle 21 for 
33.6 poreent. If the fall of cycle 20 and the rise of cycle 21 are statistically typical 
of any solar cycle, then the ratio of ascending to descending periods is about 0.5, 
or the dosconding portion of a cycle is on the order of twice as long as Its ascending 
portion . 

If solar minimum is thought of as nn interval when li^g was within 2,25 units 

of C 13.5), then obHci’ve that cycle 21 minimum was about 21 months in length 

(between iVlny 1075 and January 1977). During this Interval the mean U, „ was 
+0 *24 - 

14.54 „2 jQ, Bimilarly, if solar maximum is regardod us an interval when lij.j was 

within six units of ti'cn observe that cycle 21 maximum was appi-oximatoly 

13 months in duration cbetwoon July 1979 and July 1980), and the mean ii,« was 

160.25 ratio of maximum period to minimum period is about 0.6, or the 

minimum i)oi*iod is about 1,5 times the length of the maximum period, 


The descent phase of_ cycle 20,^ based on Figure 4, Is morhed by the occurrence 
of three major "bumps" in il^g (and 'fhe first bump occurred approximately 


18 months after cycle 20 and was about 19 percent higher tlmn a smooth folhoff 

in sunspot number, The second bump occurred 42 months after 1 \-,ay oyclc 20 and 


was about 44 percent higher. The third bump OGCurrod 67 month.s after cycle 


20 and was 40 percent higher. Thus, the descending portion of cycle 20 had periods 
of enhanced activity and was not a simple, smootlily decaying function. It is note- 
worthy that the Skylab missions fortuitoUvSly occurred during the third bump, approxi- 
mately 2 to 3 years prior to soloi* minimum and that, in addition to increased sunspot 
number during this period, there was an incronao in flare activity as well (as 
explained in later paimgraphs and by Wilson ilOj). 


Figure 5 plots the ratio of F^^g to R^g and Fgggg to R^, Observe the peak ratio 
of fjg to Rj^g to be about 6, occurring at Rj^g minimum for cycle 21. The lowest ratio 
was 1,17, occurring approximately 1 month pxdor to Rj^g maximum for cycle 21, and, 
though not shown, a similar ratio is suggested for cycle 20. 
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Figure 5. Variation of ^13^^13 cycles 20 and 21. 

The maximum and minimum ratio values are denoted. 

Figure 6 depicts the number [N Cil)] of flares per month and smoothed number 
of flares of optical importance greater than or equal to 1 versus time (for 

Xu 

definition of "importance,” see [11]). It can be observed that the period of minimum 
flare occurrence corresponds* essentially to the same period of minimum sunspot num- 
ber, being approximately 21 months in length (approximately May 1975 to January 

— •<-! 57 

1977) , and to have a mean value of (il) equal to 4.01 (Monthly mean 

numbers ranged from 0 to 15 during tliis interval.) The peak period of major flare 
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activity, with \mwh monthly aouttcu*, oeeuvi’oh auHni? IDSOi tho momi valiio of 

03,81) *g‘|j tho fli'Ht 8 mmUlm of 1080, Noto that tlio minimum Njy 

( *1) value oeemuHKl approximately 7 montlm after minimum iljjj value and that the maximum 

^13 ^ value alBo appeara to follow maximum value by 7 months. The aseemling' 

portion of eyclo 21 appoara to be somewhat more monotonie than the ileHConding l>or 
tion of eyele 20, in Icrnm of ( 1), Humps in the N ^g ( 1) curve during the 

deseending portion of eyele 20, similar and eorreHi)ondlng' to bumpH in K,,,, are noted, 
although they eleariy are not as distinelive as those of lijg. 

I'igure 7 displays the number (N) and smoothed number of all flares, 

both major Hares and HUhflares, versus time from the minimum period of eyele 21 
througi* tlie maximum pliaso. t'J'he plot was limited to times subsetiuent to late 107S 
l)eeause of tlm ehange in the style of presentation of flare data in the SCIT); suhse 
(pient to late 1075, flare data were eontnined in one listing and all obseiKoitions of a 
single flore were grouped tog'ether, making flare ' aunt deteriniiuition simple,) It is 
observed that minimum R^^g oeeurrenee eoineides with minimum ^13 (:^l) oeeurrenee, 

approximately 7 months after ailnimum H|g oeeurrenee. Maximum H^g oeenriamee appears 

to Imvo peaked 5 months prior to maximum H^g ami 12 months prior to nmxlanmi N^g (1) 

oeeurrenees, ultlK)Ugh eonsiderahle variability is noted in 1070 and 1080, (Also, the 
Hmoothed d.ata are only plotted through August 1080.) Indivldvml N values were greatest 
in 1080. being nearly 800 in December. Note the very lineal’ appearance of tin' Fl|g curve 

during the avSeemUng portion of eyele 21, suggustiug perhaps a linear relationship with 


H 


13 ‘ 


Figure 8 shews the ratio of N (.1) to N and the snKiothed ratio of N Cd) to N for 
the sanui tinu' period as .Figure 7. The minimum in the smoothed ratio oeeurrod am>roxl' 
nmtely -1 months after minimum and approximately 3 months prior to minimum ( ’I’n 


The ratio varied linearly with time fwin early 1076 until about mid 1078, when the mean 
ratio dipped (for appuiximatoly I year) , and also lietween nil(M070 and the peak occur 
renee in mid 1980, The maximum smoothed ratio is observed to coincide with the maxi 
mum N^g oeeurrenee, appi'oximately 7 months after maxiamm oeeurrenee. 


Flgtire 0 illustrates the number IN(CUIF)1 and smoothed number [l^gg (GUF)] of 

radio determined GRF events, based on the SG1)» The data plotted cover the doseending 
portion of cycle 20 and the minimum and asecmljng portions of cycle 21, ’I'ho bumps in 
GllF values, during the descending portion of cycle 20, correspond to the bumps pre - 
viously mentioned in the sunspot number ami flare count eurves (Figs, 4 ami 0); i,e,, 
the largo bump in 1972 eorrosixmds to the second bnmp in the llj^g eux've, the second 

bump in the GllF curve to the tliii\i bump in the 11 ^g curve, and the third bump with the 

hint of a fourth bump in the ll^g eurvo, very close to minimum eondltions, The minimum 

N^g (GEF) value eoineides with minimum N.^g (:d) oeeurrenco, approximately 7 months 
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Ibllawini? minimum oeemu'oneo. Tlio mn?dmuinN^jj (GKF) ooem*rom ’0 1h about 

AuK'ust 1979 oa approximately *l montba prior to maximum oecurronee, being: nearly 
eoineiUental in time with oetuirreneo, 

While Bunapot aetivity wua eonaiderably liighor in oyele 21 than In eyele 20, it 
Jh to be noted tlmt li^ures o and 9 vSUR'geat tlmt nai*e and eruptive aetivity may have 
been aomewhat liiirher in eyelo 20 ratlier than eyde 21. While numbers of riaros and 
eruptivoa may be linearly related to sunspot number within a cycle or portiona of two 
cycles, they may not be exactly related between aueeossive cycles or any two randomly 
chosen cycles, Insuffieiont data arc available to define the general relationships 
(if any). 


As hinted previously, the smootlUHl data during tlio ascending portion of cycle 
21 Hugg-est somewhat linear relationships between flares, eruptives, and 2800 idllg 
i^jidio omission with sunspot number. Figure tO depicts the relationship between 

(• J) and i^g. Line A denotes the straight lino extending from tlie origin to the 

maximum Rjg value; hence, it covers the ascending portion of cycle 21. Line 1) 

connectH the origbi with tiie maximum N.., (.1) value; honoo, it may bo loosely 


regarded as the best gvioss for tlie dcseending portion of cycle 21, bines 0. and 

4 ^ 

corre.spond to the best fit component linos for the ascending portion of tiio data set; 
i.e. , Cj covers the values 12 iLg 62 and C., the values C2 ’ 165, The line 


etj nations are stated below ; 

Line A (Ascending Cycle 21) 

Line D {Deseonding' Cycle 21) 

Lino C.J (Cycle 21, 12 ’ U^g •, 62) 
and 

Line Cg (Cycle 21, 62 Rjg f. 165) 


^13 

(.1) 0.34 iljg , 

(3) 


r-l) s 0.46 R^g , 

C4) 


(■n-0.52Rjg6 , 

(5) 

«13 

( -1) s 0.23 Rjg •» 11,5 . 

(6) 


Figure 10 clearly shows that the maximum c, :l) did not occur at the maxi- 

mum R^g value. It occurred 7 laonths following sunspot maximum at a value of R^g 

within 6 pereont of the maximum R^^g value. The maximum N^g C-l) value exceeded 

by about 35 percent the equation-pX’odictcd value (Line A), given Thus, Figure 

10 suggests that the descending portion of cycle 21 will be somewhat more active, in 
a proportionate way, than the ascending portion; or, in other words, major flares 
appear to be more prevalent just after and into the declining or late phases of the 
solar cycle , rather than in the rising or eaidy phases of the cyoic. Component 

spanned 21 months and component about 23 months; thus fij^g was increasing at 

the rate of about 2.38 units per montb in the initial phases of the rising portion of 
cycle 21 and at the rate of (i. 48 units per month in the latter stages of the ascending 
portion of the cyclo. Siraihu'ly, N^^g (>1) increased at the rate of 0.67 floras per 

nwntli during Cj and at the rate of 1.04 flares per month during G^. 
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Figui’e U lllUBtinUes the rekitlonnhlp bolwoon unU I4no A osBontially 

comHponUs to the nscontling' poi'tlon of oyole 81, coimeetlng* the inittal plpt point 
with the maximum value, and lino 1) to tho doeccmdlng portion, oonneeting the 

initial plot point to tho maximum Ej^g N^g value, Tho lino etiuations ares 


Lino A uVaoending Cycle 21) 


Njg 2.83 Ujg 1,5 


(7) 


Line I) (DoseendintJ; Cycle 21) 


Nj3 -- 2,50 


C«) 


Figure U showvs that flavo aetivity (aubflai’ea and majon flares) peaked priox' to 
the maximum llj^g value, implying that, sineo aiajor fhu*e counts poakod subsequent to 

sunspot number maximum, the number of subflaros peaked prior to maximum Ejg 

occurrence, lienee, the early phases of tlie solar cyelo appear to be marked by the 
oecimrcncG of nxany subflaros, while tho doseending portion may. bo somewhat loss 
prolific in subflnro pTOduction, At maximum E^g, the value of Njg was appi'oximately 

9 percent below that predicted by equation (7) (Lino A), E^g increased at the rate 

of 3,58 units per month and N' „ increased at the rate of 10.68 flares per month, 
baaed on lino A. 


Figure 12 depicts the roiationship between l^j^g (OEF) and ilj^g. Line A is a 

parabola wliich corresponds to tho ascending portion of cycle 21 , and line 1) is a 
straight line approxinuition pertxilnlng to th.e descending ixxrtlon of tlie cyelo. The 
lino equations are given below.* 


Line A (Ascending Cycle 21) 


N^g (CEF) -{20 (H,, * 12) + 18 
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(9) 


ami 


Line I) (Descending Cycle 21) N^g (CEF) 0.36 + 7.5 , (10) 

The beluivioi* of N^g (CEF) upjxoars to follow that of N^g in that peak numbers 

slightly precede maximum Egg occurreixee and that there is an indication that the 

number of GRF events during tho descending portion of cycle 21 will bo lower than 
during tho ascending portion. 

I^igure 13 shows the linear x’elationship between Fgg and Egg, Although a 

linear equation (Line A, ineluding dashed-lino extension) is eommonsurate with the 
data (being* less than 7 pereciit error at large Egg values), the data indicate a sloxxe 

ehango at Egg values greater than 110. Tho lino equations dxirmg tho ascendijig and 

px'obably the descending portions of cycle 21 ore ; 


Line A (all Egg, especially 13 Egg 110) Fgg - 0. 89 Egg + 63 (11) 







and 

Lino CM* 110 i* K^g ‘ 166) F^g r o,65 Hjg + 90 (19) 

IV; LATH CYCLE 21i A IX30K AT THE SPACELAB 2 KEA 


Rosendahl 1X2] has bi’iofly doscribod the Spaeelab 2 Instrument oomplonn Jt» 
Kssontially, it is an astrcpliysics tmd Bolar phyalce mission with additional studies 
being condueted in life sciences, uppor atmospher® , space plasma physios, and space 
toehnology, The solar instruments are mounted on a pointing system and view the 
Sun in ft fashion similar to the Skylab-ATM (Apollo Telescope Mount), utilising the 
services of a human being in the control and operational loop. Spaeelab 2 had ten 
tativoly bean planned for liiunch in April 1981, or about a year or so past solar 
maximuni; however, much like Skylab, it will probably fly late in the solar cycle 
(presently, it is tentatively set for launch in November 1084), just prior to the mini 
mum of the subsequent cycle, Consequently, the behavior of the Sun during the 
Spaeelab 2 timeframe may bo quite similar to that of the Skylab mission pot’iod of 
1973“ 74. 


It was previously shown that cycle 20 o^^tirred in October 1968 with a 

value of 110.6. Also, cycle 21 occurred in March 1976 with a value of 12.4. 


Thus, mathematically spoaldng, cycle 20 decayed at the rate of about X,103 units per 
month, Variation about tWs smooth»llne decay of about 20 porcont was observed. 
Cycle 21 occurred in December 1979 with a value of 166.3, and cycle 22 

is projected to occur approximately February 1687 (based on tho MIN-MIN mean 8-21; 
Table 1) with a value of approximately 10,4 (based on l^lguro 3). Thus, cycle 21 

io piOjpviwevi IV MvCtty uv A-iuw Vi uvviu i.Qio Uiius poF inoiitn, oinqe^ine jauncn 
of Spaeelab 2 is tentatively sot for late 1984, an approximate viduo for E^g is 59. 3 

± 20 percent, or between 47.4 and 71,2 if Its decline is similar to cycle 20, (The 
Skylab period was about 36.) Using equation (11), Fj^g can bo estimated to be 

about 115.8 ± 10 percent. Also, approximate levols of flare and eruptive activity 
can be projected, based on the equations in Section III, Thus, ibr the Spaeelab 2 
time frame, N^g C^l) can be estimated to be about 27.3 [fi'om equation (4)], Nj^g to 

be about 148.3 [from equation (8)], and Nj^g (GRF) to bo about 28,8 [from equation 


(10)]. These mean activity numbers suggest that, in a statistical sonvSO, about one 
major Hare per day, about foui* subflares per day, and about one CRF-rndio event 
pel' day during the Spaeelab 2 flight can be expected. X’hus, Spaeelab 2, having a 
mission duration of approximately 1 week, may record as many as 35 flares (7 of 
which will be major flares) and 7 eruptives. (These numbers have not boon reduced 
to account for ox*bital day /night or timeline constraints.) 


In addition to flare and eruptive activity, a major scientific objective will be 
the study of the morphology and evolution of active regions (including ex^hemeral 
legions). So, it would be of interest to estimate the number of regions available for 
observation during Spaeelab 2, Allen [9] has stated that at sunspot niinimum the 
mean number of individual spots per R^ is 0,70, the mean number of sunspot groups 

per R^ is 0.097, and the mean number of Individual spots per group is 7.3. Similarly, 

at sunspot maximum, he gives the mean number of individual spots per R^ as 0. 87, 
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the mean numbei* of gi»oup8 pej* aa 0»083, and the mean number of indi- 

vidual apotK per group ag 11, 0* Since the moan decay time fi'om maKlmum to minimum 
i« approximately 82 months and the Bpaeelab 2 tentatively scheduled launch Is approxi- 
mately 59 months after solar maximum, one wuld interpolate between tlte preceding 
moan ntimbers and generate approximate mean numbers for the parameters applicable 
to Ute Spacelab 2 mission period. Hence, the following approximate relationsMps can 
be deduced*. 

Moan number of individual spots per E^ 0.75 

Moan number of sunspot gi’oups per E„ 0,093 

Mean number of individual spots por group 8. 3 , 

Binco has been calculated to bo about 59.3 ± 20 percent during Spacelab 2, 

ono can estimate tho range of E„ to bo about 59.3 ± 50 percent, or between 29.7 and 

89. this implies that the mean number of individual spots on the Sun will be between 
22.3 and 60. 8 (mean 44.5) and the mean number of sunspot groups will be between 
2,8 and 8.3 (moan 5,5), If cycle 21 behaves as did cycle 20, then during the 
decline of tho eycle the Sun may have a very active hemisphere occurring about every 
2 weeks and a very qulot hemisphere 113] j thus, mission planners will necessarily 
have to monitor soliu* activity levels prior to launch to ensure that Spacelab 2 mission 
objectives can bo mat. (It is important to re-omphasize that the analysis given in 
this section is for tho statistically avoi*agod Sun and must bo viewed in that context.) 


V. SUNSPOT CYCLE 22 


Following tho approach of Sections III and IV, Figures 1 through 3 and Table 1 
could be used to predict tho occurrence of solai* minimum and maximum and their 
appropriate smoothed sunspot number values end to make some general remarks about 
cycle 22, the next sunspot cycle. Therefore, since cycle 21 Ejyujjj is known to have 

occurred in March 1970 with a value of 12,4 and Ej^^^ in December 1979 with a value 

of 160.3, the conclusions are reached that cycle 22 will occur between October 

1986 (based on Table 1, MAX MIN time interval) and February 1987 (based on^Tablo 
1, MIN -MIN time interval) with a value of 10.4 (based on Figuro 3) and that Ej^y^^ 

will occur between November-December 1990 (based on Table 1, MAX-MAX time inter- 
val and MIN -MAX time interval, assuming an occurrence of October 1976) and 

March 1991 (based on Table 1 MIN -MAX time interval, assuming an occurrence 

of February 1987) with a value of appi’oximatcly 150, Cycle 22 will end about Septeni'’ 
ber 1997 to Jmiuary 1998, based on an application of Table 1 results to the minimum 
and maximum occurrence dates projeoted for cycle 22, as discu,ssed previously, Thus, 
cycle 22 is projected to have a cycle duration of approximately 128 to 136 months. 

Also, since it is an even-numbered cycle, if it follows the pattern of previous solar 
cycles, the leading sunspots In the northern solar* hemisphere will have a south- 
seeking pole uppermost on the Sun's surfaces i.e., tho magnetic field will be inwards 
through tho Sun's surface in the northern hemisphere. (The Hale magnetic cycle is 
approximately 22 years.) 
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A ioeond flppi’oaeh for doterminatlon of viiloe ^\lIN * simple 

mtloB, Iw given below. Using Figwo I (or the tabuJar data glvon by Allen I01)» 
figures could be eonitructed based on tl^^ ratio of ^^MIN 

subsequent cycle j l»o. , (1) ratio the ^MIN 

plot the ratio versus solat* cycle number and (2) ratio the K|y^^x ^ 

^^MIN subsequent cycle and plot the ratio versus soliir cycle number. Such 

has been done in Figures 14 and 15, respoctlvely. The tliin, single^humped curve, 
denoted P®^^Wng between cycles 15 and 16 in Figure 14 roi>res§nts the 

ratio of tho Kjy|^x ^MIN cosine -rolatod function, graphed in Figure 3, for the 

same ‘numbered solar cyclo. For oxamplo, the dot (0) for cycle 9 Is the ratio of the 
actual H|yj^x cycle 9, and the line (in X*ig. 14) just above that 

dot ropresonts the ratio of the cosine^rolatod equation for and (drawn in 

Fig, 3 ) which for cycle 9 Is ‘^468/11 or ^ 45 , 3 , The line appears to best fit odd- 
numbered cycles, although wide error bars arc associated with it, pai’tioularly for 
cvclG numbers 15 and 19. Tho even-numbered cycles appear to bo best fit by tho 
tjvoad lino having tho form TR^ = cos 0 i ^^MAX' ^MAX " %1AX " 

22.5 and the cosine function has a period of 176 years (which, coincidentally, is 
approximately twice the Gleissborg cycle llj). 1R « denotes the appropriate ratio of 

«MAX «MIN • 


R MAW 

® SAMECVCU 

i^MIN 



Figure 14, Variation of cycles 8 through 21, where Rj^^x ^MIN 

are for same cycle. Lines explained in text. 
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Figure 15 is similar to Figure 14 except it plots subsequent cycles; i.e. , 
present cycle to subsequent cycle. Again, the thin, single-humpod curve, 

denoted , peaking at cycle 14 in Figui’e 15 represents the ratio of the 

%1AX ^^MIN cosine-related functions, graphed in Figui’e 3, for subsequent solar 
cycles. For example, the triangle (A) for cycle 10 is the ratio of the actual 
value for cycle 10 to the actual value for cycle 11, and the line (in Fig, 15) 
just below that triangle represents the ratio of the cosine -related equations for Rjyj^j^ 
and (in Fig. 3) which for cycle 10-11 is a.150/8.7 or ^<17.2. The line appears 

to best fit evon-numbex’ed cycles, although the actual cycle 18 value is somewhat 
higher than the x^atio-dei'ived value (line). The odd-numbered cycles appear to be 
best fit by the broad lino having the form TR^ = ^MAX ^ ®IV1AX' ^MAX ~ 

%AX = 35, and the cosine function has a period of 132 years. TR ^ denotes the 
appropriate ratio of R|yj^x ^MIN ^subsequent cycle). 


Rmax 

Rmin 


SUBSEQUENT CYCLE 


A max ’*20 
®MAX"3S 
T-132 



subsequent to -determined cycle. Line equations explained in text. 
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Followirij^ the afovemotUionod appi*oach (baaed on Figs. 14 and 15), cycle 22 is 
t)mjcetod to have an value between a H5.6 and 148.7, baaed on the TR p and 

I’ospeetivQly. foi‘ aamo cycle and given 10.4. Oyelo 22 is 

pi'oiQctcd to have an value between a>4 and 10.4, based on the *1?^ and 
curves, roapeotivoly, for subsequent eyclo and given cycle 21 equal to 166,3. 
Using these valUQH for eyclo 22, for cycle 22 is also projected to be ‘v50, 

based on K 


‘MIN 


4, or to be between ‘Vl45.6 and 148,7, based on 10,4, us tU)Ovo. 


Thus, tho two described approachos .suggest to be opproximatoly eciuul to 150, 

148.7, 145.6, or 56, and to be about 10.4, 10.4, or 4. Weighing each of the prO” 

ceding and values equally and computing means suggest that, perhaps, tho 

host guess values for and for eyelo 22 are approximately 125.1 and 8.3, 

respectively, or incorporating 30 percent eri’or bars, Hh,Av (cycle 22) - 125.1 ±37.5 
and (cycle 22) - 8.3 ± 2.5. 

If tho behavior of cycle 22 follows that of cycle 21, then tho approximate niaaber 
of flares and (iRF radio events and level of 2800 Mllz radio emission can be estimated, 

Ijased on the formul;e of Sq<;}tion III, for sunspot miniiaum and maximum conditions. 

Hence, at (cycle 22), tho following would be ontieipatedr (..d) 2.8 ± 0.8, 

Njg = 22 ± 6.6. Njg (ailF) * 10.5 ± 3.2, and F^g - 70.4 ± 21.1; and for (cycle 22): 

N^g (;d) 42.5 ± 1.2.8, Nj^g 353,8 ± 106.1, S^g ((HUO = 59.0 ± 17.9, and F^g 174.3 

+; 52,3. F^g at and Kj^|^jrCan also be estimated from comments regarding Figure 5s 

i.o,, at itjyjjM, F|g/H|o is about 0 (lor cycle 21), implying Fj„ (cycle 22) equal to ‘v49.8. 

and i'jg/Ri 3 1b about 1.2 at eyclo 20 and 21), suggesting F^g (cycle 

22) equal to *a> 150,1, Caution must be urged in using these numbers, since tlio assump- 
tion that cycle 22 behaves essentially as cycle 21 may not he valid, lit is of interest to 
note, however, that the Skylah period had an ilj^g value of a 35, which implies a value 

of F.jg to bo ’\.94,2 fbased on equation (11) J, N.j^g (2l) U.9 to 16.1 [based on equations 

(3) and (4), respectively] , Nj^g *v 87,5 to 97.6 [based on equations (7) and (8), respec- 
tively], and Njg (OBF) *v- 20.1 to 33.4 [based on equations (9) and (10). respectively]. 
Actual values Ibr F^g and N^g (:il) were ‘v 8G and ‘vl9. Thus, F^g was actually slightly 
less than would liavo been predicted and N^g (:^1) slightly more. Actual number counts 
Ibr Njg and N^^g (GRF) have not been made, so comparison emmot be accomplished,] 


VI. CONCLUSIONS 


Sunspot variation is a phenomenon that has been apparent on the Sun for at 
least hundreds of years (if not longer). This report bxdefiy discussed the solar 
cycle sunspot variation, particularly for cycle numbers 8 through 21. It was shown 
that the variation of sunpot maxima and minima vtdues could be simply described , in 
an approximate way, by arbitrarily chosen eosine-’related poriodic fxmetions (with a 
period of 132 years) . Using this simplihed approach and based on and R|y^jj^ 

occurrence dotes for cycle 20, it was determined that a projection of cycle 21 was 
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ob«oi‘vod IQ agfpQQ quite closely with actual values. Formulae were given relating^ 
numbers ol' ritu'ca, major Hares, and GHF-radio events to R^g, as well as Fjg to R^^g, 

Based on the decline of cycle 20 and, predominately, on the rise portion of cycle 21, 
a prediction of activity levels was made for the %acelab 2 mission time frame (late 
10^14), Finally, u prediction of activity levels it. as made for cycle 22. Tables 2, 2, 
mul 4 HummariKC the findings for cycle 21, the ilpacelab 2 mission time frame, and 
cycle 22, respectively. 


With the advent of the Shuttle [actually the Space Transportation System (STS)] , 
solar physics may be entering’ a new or;!* of vmprecedonted opportunity to study the 
multifarious soltu cycle dependont relationships and other phenomena. These future 
misslona Ce.g. , Spacolab 2 and others, such as S CAD M Solar Cycle and Dynamics 
MisHlon [14]) will have mission and scientitlc objectives which often may be solar 
cycle dependent,^ This rei^ort 1s intonded to serve as an aid to phmners of those 
missions. 


TABWl 2. SUMMARY OF CYCLE 21 


Parameter 

Value 

Remaidcs 

Date Sunspot Minimum 

March 1976 

1 

Date Simspot Maximum 

Doeombor 1979 

;i 

Cycle Duration tmontlm) 

127“ 132 

2,3 

Ascent Duration (mouths) 

45 

1 

Descent Duration (months) 

82- 87 

2,3 

Hm 

12.4 

1 

^^MAX 

166. 3 

1,4 

^■'min 

73.3 

1 

^'max 

198.0 

1,4 

^MIN 

27.8 

1 

^MAX 

438,0 

1,4 

^MIN ^ 

2.7 

1 

^MAX ^ 

71.5 

1,4 

(Gun 

10.7 

1 

^MAX 

66.5 

1,4 


Remax’hs! I Observed. 

2 ' Pj'edicted. 

3 - Assumes Cycle 22 begins October 15)86- Fobruai*y 1987, 

based on application of Table I moan time intervals. 
(MIN“MtN and MAX “MIN.) 

4 - Assumes maximum ocourred prior to August 1980. 


3. Sehatten mul Sofia [16.1 have recently investigated the Schwarscchild criterion for 
conveetion in the presence of a magnetic field and believe that their results may 
be of importance for solar vaiiability. 






TABI.K 3. SllMMAHY OF SPAGKLAB 2 MISSION 1 1 ME FRAME iniOJEC'nONS 


Paramo ter 

Value 

Remarks 

Cycle 21 H unspot Maximum 

December 1979 

1 

Cycle 22 Bunspot Minimum 

February 1987 

2.3 

Cycle 21 Duration (months) 

132 

2.3 

Cycle 21 Descent Duration 
(months) 

87 

2,3 

Cycle 21 

IG6,3 

1,4 

Cycle 22 

10. 4 

2.5 

Cycle 21 Decay Rato 

1.813 

2.3 

(units /month) 



Rj^,j (November 1984) 

59.3 

2,6 

F^g (November 1984) 

115.8 

2,7 

Njg (November 1984) 

148.3 

2.8 

Njg ('!) (Novembor 1984) 

27.3 

2.9 

N^g (URF) (November 1984) 

28,8 

2.10 

Number Obsorvablo Flares During 
Mission 

-35 

2,11 

Number Observable Major Flares 
Diii'lng Mission 

•7 

2.U 

Number Observable Eruptivos 

.7 

2,11 


Romui'liB { 1 

2 

3 

4 

5 

6 


7 

8 
0 

‘ 10 
n 


Obsovvod. 

Prodiotod . 

Baaed on Table 1 (MIN-MIN). 

Assumes mnxinn,im oeciiiTOd prior to Augtust 1980. 

Based on Figure 3. _ 

Assumes ooeurrenoe is oorreetly Imown and decay 

rate is ncQU)>ate» 

Based on eqviation (11). 

Based on equation (8). 

Rased on equation (4). 

Based on equation (10), 

Based on l-woel< mission dwationi no correction (roduetion) 
has been made for orbital day7night or timeline constraints. 



TABLE 4, PHOJECTrON 1X)R CVCLE 22 


Parameter 

Value 

Remar 3«! 

Date Sunspot Minimuiii 

October 1086- February 1987 

1 

Date Sunspot Maximum 

November 1990 -March 1991 

1 

Cycle Duration (months) 

128»136 

2 

Ascent Duration (months) 

45 53 

2 

Descent Duration (montlis) 

75 91 

0 

(M 

^^MIK 

8. 3 ± 2. 5 

3 

^^MAK 

125 ± 37.5 

3 

^ MIN 

70.4 t 21.1 

4 

^'max 

174,3 i 52.3 

4 

hm 

22 4 6.6 

4 

%h\K 

353.8 + 106.1 

4 

^MiN 

2.8 + 0.8 

4 

CiD 

MAa 

42.5 i 12.8 

4 

\lIN 

10,5 + 3.2 

4 


59,6 ± 17.9 



llenmi’kBJ 1 Based on Tables X and 2. 

2 • Btraig'bt "forward cal eolation. 

3 Moan based on numbers derived rx*om Figures 3> X4, and 15, and 
assuming 30 percent error barsj actual values suggested tor 

7, 145.6, and 56; actual values suggested 

for include 10.4 and 4; see text, 

4 « Based on equations given in text; assumes eyclo 22 bobavos 

similarly to Gyclo 21. 
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PiRuros A“1 thi’oufJi'h A- 5 ni’e scaltej’ diag:i’ains comparing mv monthly moan 
values with thoii* smoothocl monthly moan values. Figuvo jt'-l is tho scatter diagraai 
comparing 11^, and Figure A“2 compares h '2800 ^ 13 * A- 3 N(,^l) and 

^13 ^ A-4 N and oiid Figure A- 5 NCGllIO and N^g (CIRF). Tho dark 

Hue running diugx)nally from lowor-loft to uppor^right on each of tho figures is tho 
l“to--l correlation line, The dashed linos running diagonally from lowor-loft Jo upper- 
right on each figure roprosont tho ±20 percent and ±30 percent departure spreads, 

It is observed that sunspot numbers vary by about 20 percent at Idgh sunspot numbers 
and by 30 percent or more near solar minimum. Tho 2800-MI15! radio omission, con = 
VQimely, varies by only a few percent at sunspot minimum and by 20 percent or less 
at liigh sunspot number. Major flare variation is much broader* being 30 percent or 
more, while the general class of flares and GIIF events show variotion of usually less 
than 20 percent near sunspot maximum and 30 percent or more near sunspot minimum. 


«zv&Ri3 



Ri3 

Figure A-1. versus cycle 21 scatter plot. 
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Figure A '■4* N versus cycle 21 scatter plot. 
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Figure A-5. N(GRF) versus (GllF) cyde 21 scatter plot 
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